Kirara Yamaguchi, [a] To shiaki Murai,* [a] Jing-Dong Guo, [b] Ta kahiro Sasamori, [b] and Norihiro To kitoh [b] DedicatedtoEmeritusProfessor Takayuki Kawashimao nt he occasiono fhis 70th birthday Solutionso f5 -N-arylaminothiazolesc ontaining pyridyl groups exhibitedc lear halochromism and halofluorism upon addition of Brønsted and Lewis acids. The addition of triflic acid to solutions of 5-N-arylaminothiazolesi nE t 2 Oi nduced bathochromic shifts of the absorption and emission bands.D FT calculations suggested that the spectralc hanges arise from the protonation of the pyridyl group of the thiazoles in Et 2 O. Single-crystal X-ray diffractiona nalysiso fathiazolea nd its protonatedf orm revealed the change of the conformation around the thiazole ring. The emission of white light was accomplished from as ingle fluorescent dye by adjusting the ratio of dye and B(C 6 F 5 ) 3 ,w hereby the International Commission on Illumination coordinates showed al inear change from blue to orange.
Acid-base interactions [1] are fundamental chemical phenomena that can control the visible colors of organic molecules through the absorption and emission of light.H alochromic and halofluoric [2] properties have aw ide range of applications in chemosensors and organic electronic devices. [3] Nitrogencontaining functional groups such as pyridyl, [4] pyrazinyl, [5] pyrimidyl, [6] alkylamino, [7] and indolizyl moieties [8] in chromophores can be protonated, and the resulting speciesu sually exhibit pH-dependentb athochromic shifts of their absorption and emission spectra.I na ddition to the halofluorism inducedb y Brønsteda cids, that triggered by Lewis acids is also of great interest. Structural modificationsa round Lewis acidic centers with organic functional groups may provide Lewis acids with aw ide range of properties that should allow the fine-tuningo f Lewis acid-base interactions. In fact, interactions between structurally modified fluorescent organoboranes [9] and Lewis bases such as pyridine, [10] or the fluorideanion, [11] have resulted in av ariety of interesting luminescence properties. Interactions between fluorescent Lewis bases and non-fluorescento rganoboranes [12, 13] are also expectedt od isplay multicolor emissions, and the combination of such emissions may provide access to white light. [14, 15] We have previously reported that the fluorescencep roperties of 5-N-arylaminothiazole 1 (Scheme 1) can be controlled by the substituents, andt hat the presence of electron-donating groups on the nitrogen atom at the 5-position bathochromically shifts the emission. [16] 5-Aminothiazole 1 contains monocyclic homo-a nd heteroaromatic groups,w hereby their conformation is intricately correlatedt ob oth solventa nd temperature.
Considering the presence of basic nitrogen and sulfur atoms in 1,t he addition of acids is expected to trigger changes in its photophysical properties. [17] However, only minimal changes were observed after the addition of al arge excess of triflic acid (TfOH). Therefore, we have designed and synthesized as eries of 5-N-arylaminothiazoles (2-6)w ith 4-pyridyl groups at the 2-position, which act as strong Lewis basic sites, and investigated the acid-induced changes of their photophysical properties. The introduction of various substituents at the para positiono f the diphenylamino groups shouldp rovide am eans to tune the absorption ande mission spectra.H erein, we report the structures as well as the Brønsted-and Lewis-acid-induced changes of the photophysical properties of 2-(4-pyridyl)-5-N-arylaminothiazoles. The judiciousc hoice of the combinationo ft hiazole and Lewis acid allows the fine-tuning of the emission color, and the emission of white light can, thus, be accomplished from as ingle fluorescent dyea nd aLewis acid.
To demonstrate the sensitivity of the absorption and emission properties of thiazole 2 towardB rønsted acids, we initially measured the corresponding spectra upon addition of TfOH in incrementso f0 .25 equivalents [Eq. (1)],( Figure1). Upon addition of TfOH to 2,adecrease in the intensity of its maximum absorption at 382 nm was observed, concomitantw ith the emergence of an ew absorption band at 474 nm. Owing to the protonation of the nitrogen atom in the 4-pyridyl group of 2, the color of the solutionc hanged from colorless to pale orange, and ac leari sosbestic point [18] was observed at 412 nm ( Figure 1a ). These results suggest that two absorbing species are presenti ns olution, that is, 2 and a1:1 complex [19] The photophysical properties of 2 and 7 are summarized in Ta ble 1.
The fluorescencel ifetimeo f7 is shorter than that of 2,a nd 7 displays orangef luorescencew ith af luorescence quantum yield (F F )o f0 .08. The absorption spectra did not reveal any solvente ffects, whereas the fluorescencee mission was bathochromically shifted to 731 nm in more polar solvents (e.g. acetonitrile) under ac oncomitant decrease of the emission intensity (see Figure S1 in the Supporting Information).
The structures and absorption spectra of 2 and 7 in Et 2 O were also investigated computationally,u sing DFT calculations at the B3LYP/6-31 + G(d,p)a nd CAM-B3LYP/6-31 + G(d,p) levels of theory (see the Supporting Information for details). Similar to the experimentallyo btaineds pectra for 2 and 7,abathochromic shift of the absorption maximaw as observed. The calculation revealed that the protonation of 2 should stabilize both the HOMO and LUMO of 7.H owever,t he LUMO should be stabilized more, which would reduce the HOMO-LUMO gap.
The molecular structures of 2 and 7 were determined by using single-crystal X-ray diffraction analysis ( Figure 2 ). The extent of the p conjugation can be determined by the dihedral angle (details can be found in the Supporting Information) between the thiazolep lane and the tethered p-electron units, that is, the 4-pyridyl or 4-pyridiniumg roups at the 2-position (A-2), the phenylp lane at the 4-position (A-4), and the N 0.004 n.d.
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[a] Absolute fluorescence quantum yield.
[ b] K r = F F /t, K nr = (1ÀF F /t). [20] [c] Excited at 365 nm.
[d] Excited at 470 nm.
[ f] n.d. = no data. Figure 2 . Molecular structures for 2 (top) and 7 (bottom) with thermal displacement parameters set at 50 %probability. Selecteddihedral angles (8) and bond lengths (): 2:(top): S1ÀC2ÀC6ÀC7 10.7(0), N3ÀC4ÀC8ÀC9 8.1(4), S1ÀC5ÀN10ÀC115 1.8(3), C2ÀC6 1.482(6), C4ÀC8 1.484(6),C 5 ÀN10 1.396(5), N10ÀC111.428(5); 7 (bottom): S1ÀC2ÀC6ÀC7 6.0(7), N3ÀC4ÀC8ÀC9 24.5(7), S1ÀC5ÀN10ÀC116 0.5(6), C2ÀC6 1.463(8), C4ÀC8 1.473(7),C5 ÀN10 1.403(7), N10ÀC111.402(7). [21] at the 5-position (A-5). Notably,t he dihedrala ngles A-4 and A-5 in 7 are higher than those in 2 (7:2 7 8 and 728; 2: 18 and 668), whereas the dihedrala ngle A-2 in 7 is smaller than that in 2 (7:4 8; 2:1 1 8). Moreover,t he 4-pyridiniumg roup is almost co-planar with the thiazole ring.
To induce further bathochromic shifts in the absorptiona nd emission spectra, we introduced electron-donating substituents at the para positiono ft he aryl groups of the nitrogen atom at the 5-position (3-5)( Ta ble 2, entries 1-3). As expected, the addition of TfOH to Et 2 Os olutions of 3-5 showedr edshifts upon the formation of 1:1c omplexes (Table 2 , Figures S2-S10) , and the longest absorption wavelengths shifted by approximately 100 nm, from 398 AE 10 to 500 AE 12 nm. Similar to the formation of 7,t he equilibrium constants [22] for the reactions between 3-5 and TfOH were larger than that between 2 and TfOH [K a = (8.9 AE 2.4) 10 4 ]. However,t he emission of 8-10 was quenched differently to that of 7.T oa void emission quenching, phenylg roupsw ere introduced at the 3,5-positions of the 4-pyridyl group (entry 4). [23] Thus, thiazole 6 displayedv isually confirmed fluorescencea t6 09 nm, but the presence of phenyl groups at the 3,5-positions of the 4-pyridyl group in 6 inhibited the protonation of the pyridyl group of 6 with TfOH. Accordingly,t he equilibrium constant between 6 and TfOH is by approximately two orders of magnitude smaller than that of the reaction between 2 and TfOH ( Figure S10 ). [24] Subsequently,w eexamined the sensitivity of 5-N-arylaminothiazoles 2-6 towardL ewis acids. For that purpose, BCl 3 ,A lCl 3 , and GaCl 3 were added to CH 2 Cl 2 solutionso f2 (Table 3 , Figures S14-S23). New absorption and emission features were observed at 474-482nma nd 604-607 nm, respectively.A lthough comparable changes were observedu pon addition of BCl 3 and AlCl 3 ,t he equilibrium constant for the reactionb etween 2 and BCl 3 was, by af actor of 36 AE 11,g reater than that for the reaction between 2 and AlCl 3 (entries 1a nd 2). In contrast, the additiono fG aCl 3 induced ad ifferent effect (entry 3). Up to the addition of 0.5 equivalents of GaCl 3 ,t he spectrum of the solution of 2 changed in am anner similart ot hose that were treated with BCl 3 andA lCl 3 .H owever,a fter further additiono fG aCl 3, the wavelengthso ft he absorption ande mission bands shifted to 526 and 635 nm, respectively,i ndicative of the formation of more than two absorbing/emittings pecies in solution. [25] Furthermore, we examined the influenceo ft he Lewis acid B(C 6 F 5 ) 3 [12] in toluene (Table 4 , Figures 3a and 3b) . For that purpose, B(C 6 F 5 ) 3 was added to toluene solutionso f2 and 6, 604 [b] 414 [b] 526 [c] 635 [c] 488 [c] [a] In CH 2 Cl 2 , c = 10 À5 m.
[ b] 0.25-0.5 equivof GaCl 3 .
[ c] 0.75-3equiv of GaCl 3 . As ar esult, the emission color of 2 and 6 changed from blue to orange, and fluorescencew as observeda t5 76 and 608 nm, respectively.T he changes in the emission color of the solution of 2 was measured upon addition of increasing amounts of B(C 6 F 5 ) 3 by using aUVl amp (l ex = 365 nm) (Figure 3c) .
Interestingly,w hite emission was achieved upon addition of 0.5 equivalentso fB (C 6 F 5 ) 3 ( Figure S30 ). This color is most likely the result of an overlap from the emission bands of the blue fluorescenceo f2 and the emission bands of 2·B(C 6 F 5 ) 3 ,a lthoughf urthers tudies are necessary to disclose the detail of the mechanism of the excitation of 2·B(C 6 F 5 ) 3 .T he emission of multiple colors from as ingle fluorescent dye [26] in one flask may,t hus, lead to an emission that approximates white light. However,t he 1:1c omplex 2·B(C 6 F 5 ) 3 is readily formed, and the appropriate ratio between 2 and 2·B(C 6 F 5 ) 3 that leads to the emission of highly pure white light could not be realized, as evaluated by the International Commission on Illumination (CIE) coordinates ( Figure S30 , Ta ble S2).
We then focused on the steric effects of the phenyl groups aroundt he pyridyl group in 6,i nt he hope of being able to fine-tune the basicityo f6.I nf act, the smaller equilibrium constant between 6 and B(C 6 F 5 ) 3 allowed afine-tuningo fthe emission color by varying the ratio of 6 and 6·B(C 6 F 5 ) 3 ,r esulting in the emission of purely white light (Figure 4) . To evaluate the obtainedc olors, their CIE coordinates were calculated from the fluorescences pectra of solutionsc ontaining 6 and varying amountso fB (C 6 F 5 ) 3 (Figures 4a nd S31 , Table S3 ). Under excitation at 365 nm and continuous addition of B(C 6 [14, 15] In contrast, the present white-light emission is achieved by adding an onfluorescent Lewis acid to a5 -aminothiazole as as ingle-component fluorescent dye [7, 26] with ab road emission band (400-700 nm).
In conclusion, the absorption and emission spectra of 5-aminothiazoles containing 4-pyridyl groups exhibited bathochromic shifts upon addition of TfOH, and the resulting protonated 5-aminothiazoles displayed orange fluorescence, albeit at the expense of lower quantum yields. The addition of Et 3 Nt os olutions of these protonated 5-aminothiazoles and TfOH resulted in the complete reversion of the absorption ande mission spectra.5 -N-Arylaminothiazoles with electron-donating groups on the nitrogen atom at the 5-positiond isplayed morep ronounced bathochromic shifts of their absorption ande mission spectra,a sw ell as lower equilibrium constants. The addition of Lewis acids such as BCl 3 and AlCl 3 to the 5-N-arylaminothiazoles also changed their halochromic andh alofluoric properties in af ashion similart ot hat observed for the addition of Brønsted acids, whereas the addition of GaCl 3 caused changes in the spectra that were consistentw ith the formation of several absorbing/emitting species. Notably,t he use of B(C 6 F 5 ) 3 as aL ewis acid enabled the fine-tuningo ft he chromaticity of the emission spectra of the 5-aminothiazoles.O ur system thus provides an ew concept fort he generation of white-light emission, that is, the combination of Lewis acids and fluorescent Lewis bases affords singlef luorescent dyes, for example, by mixing 5-aminothiazole 6 and B(C 6 F 5 ) 3 in a1 :2.5 ratio. Further studies on the applications of 5-N-arylaminothiazolesa sf luorescent dyes are currently in progress in our laboratory.
